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Ultrasonic Nondestructive Evaluation In Aircraft Engine Alloys”

Kit Weng Loo, MS, “An Improved Ultrasonic Data Acquistion System”

Kannan Srinivasn, MS, “The Development of an Ultrasonic Flaw Detection Protocol:
Signal Acquistion and Processing”

S.L. Jeng, MS, “Improved Approximate Confidence Intervals for Censored Data”



Backscattering and Attenuation During the Propagation of
Ultrasonic Waves in Duplex Titanium Alloys

Paul Donald Panetta
Major Professor: R. Bruce Thompson

Iowa State University
This dissertation reports results from studies of the interactions between the
microstructure/macrostructure of titanium alloys and propagating ultrasonic waves. Attention is
focused on the interactions which cause backscattering and attenuation. Experimental studies will be
reported which show that the phase aberration contribution to attenuation does not remove energy
from the propagating beam, and a physical picture is developed. A simple ray model which
encompasses the ideas presented in the physical picture is used to predict attenuation for propagation
in single phase materials with elongated grains. In addition, a general theory for attenuation that
includes some degree of multiple scattering is presented that can allow for texture effects and duplex
microstructures in its most general form. Numerical predictions from the general attenuation theory
and an existing backscattering theory are then compared with experimental measurements of the
attenuation and backscattering coefficient in a Ti-6A1-4V specimen that contains elongated
macrograins consisting of colonies that are modeled as ellipsoids. Agreement between the
experimental and theoretical determination of the backscattering coefficient is extremely good if the

effects of texture is included. Agreement with attenuation is favorable.



Relationship Between the Ultrasonic Grain Noise and
Microstructure in Two-Phase Microstructures

Yanghyong Kim Han
Major Professor: R. Bruce Thompson

Towa State University
The relationship between grain noise and microstructure in two-phase materials has been studied. The
grain noise is one of important factors which controls the detectability of small flaws in advanced
materials. The grain noise is dictated by various microstructures such as alloying elements,
crystallographic orientation or texture. However, little research has been done to quantify those
effects, especially for the two-phase materials because of complexity. This thesis presents quantitative
study of those effects for a model system, Ti-64 (two-phase titanium alloy) based on Independent
Scattering Model and General Backscattering Model. Materials such as Ti-64 shows several
dimension scales of microstructure (macrograin, colony and crystallite) due to crystallographic
orientation relationship between phases. Each microstructure contributes to grain noise uniquely. In
low k region, macrograins are dominating. On the other hand, in high k region, colonies are

controlling the grain noise.



Development and application of geometrical models of defects for
ultrasonic nondestructive evaluation in aircraft engine alloys.
Brian Lee Boyd
Major Professors: R. Bruce Thompson and James Oliver
Towa State University

This thesis describes the development and application of geometrical models of defects for
ultrasonic nondestructive evaluation in aircraft engine alloys. The major part of this work was
conducted as part of the efforts of the Engine Titanium Consortium, which currently conducts an
extensive study of the ultrasonic response and detectability of a number of naturally occurring hard-
alpha defects found in titanium billets. These naturally occurring defects are highly irregular in shape
and inhomogeneous in composition, and we would like to assess the extent to which their responses
can be predicted by available ultrasonic scattering models. Three dimensional geometrical (surface
and solid) models of the hard-alpha defects are needed in order to obtain the geometrical and material
properties to drive the ultrasonic model calculations and the subsequent probability-of-detection
evaluation. These models are to be derived from metallographic cross-section images taken from
destructive sectioning of the defect regions. The reconstruction of defect begins with the boundary
determination of the respective defect regions on each of the metallographs by utilizing some image
processing algorithms. The three-dimensional geometrical model then follows by using the state-of -
the-art non-uniform rational b-spline techniques. Once the geometrical models are constructed, the
complete material properties can be interpolated within the volume or on the surface of the defects. In
this thesis, detailed procedures of defect reconstruction are discussed and preliminary results are
presented. The use of the defect reconstruction as an input to ultrasonic signal modeling will also be

illustrated.
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Three volumes of the Open Forum Proceedings have been published documenting all
aspects of the ETC Phase | program. Copies were provided to the Technical Monitor.
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I. Yalda, F.J. Margetan, K.Y. Han and R.B. Thompson, "Survey of ultrasonic grain noise
characteristics in jet engine titanium”, Rev. of Progress in QNDE, 15B, D.O. Thompson
and D.E. Chimenti, eds., (Plenum Press, N.Y., 1996) p. 1487-1494.

F.J. Margetan, |. Yalda and R.B. Thompson, "Predicting gated-peak grain noise
distributions for ultrasonic inspections of metals”, Rev. of Progress in QNDE, 158, D.O.
Thompson and D.E. Chimenti, eds., (Plenum Press, N.Y., 1996) p. 1509-1516.

P. D. Panetta, F. J. Margetan, |. Yalda and R. B. Thompson, “Ultrasonic Attenuation
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Thompson, R. B., “Use of UT models in titanium inspection development,” Rev. of
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Plenum Press, New York, NY, 1997.
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Scientific Collaborators at Iowa State University

Lisa Brasche Scientist

Bruce Thompson Distinguished Professor — AEEM

Bill Meeker Distinguished Professor -
Statistics

Tim Gray Scientist

Frank Margetan Associate Scientist

Ron Roberts Scientist

Thomas Chiou Assistant Scientist

Jim Rose Scientist

Norio Nakagawa Associate Scientist

M. Bilgen Post Doctoral Fellow

Joe Chao Post Doctoral Fellow

Ali Minachi Post Doctoral Fellow

Issac Yalda Post Doctoral Fellow

Kim Han Graduate Student

Paul Panetta Graduate Student

Brian Boyd Graduate Student

S. Prasad Graduate Student

K. Loo Graduate Student

K. Srinivasan Graduate Student

S.L. Jeng Graduate Student

Seth Meyer Undergraduate Student

Scot Goettsch Undergraduate Student

4. Briefly describe any inventions which resulted from the project and the status of pending patent
applications, if any.

None.

5. Provide a technical summary of the activities and results. The information supplied in proposals for
further support, updated as necessary, may be used to fulfill this requirement.

Products summary provided on following pages.

6. Include any additional material, either specifically required in the award instrument (e.g. special
technical reports or products such as films, books, studies) or which are considered to be useful to
the Foundation. )

Several technical reports have been submitted to the technical monitor. Those include the
following:

> “Summary of Titanium Fundamental Studies of the Engine Titanium Consortium”

> ‘“Inservice Inspection: Development of Portable Eddy Current Inspection Tools for Engine
Overhaul Applications”

> “A Methodology For Reliability Assessment For Subsurface Flaws In Engine Components”



Engine Titanium Consortium

Products Summary



Aewwing sjonpold | eseld 913 - INd 20: L - 00/82/80 - | abed

[neyssnQ autbuzg loj sjoo ] uonoadsu| Juaungd App3 sjgenod
0 Juawdojanaq :uojoadsu| so1AIasUY|, ‘pPIIIUS ‘S)sa) S)ISEleq
pUE JSUUEDS JO S|IEIop SOpnjouUl yoiym paysyqgnd aq o} podas |euly

‘aUIIE Y)IM UOIJEJJSUOLISP pue
JSUUEDS SUO Jo AJoAiep Buipn|dul S10}01 LINIP UE SOM pue §810q uo D3 spuuad yoym |00} buluueos

$00) S2IAISSUI 10} SP33U YSI[GR)SS 0} SISgUIBW WNIHOSUOD pue saullie Jo kenng

NOILOAdSN| IDINHASN]

Siusuodwon suibug u| SMe[{ 90BUNSING JO] JUSLUSSOSSY
Auiqenay o4 ABojopouisy v, ‘pepue paysiignd aq o} Yodal euty

Al

I XX A A IAX

"WejsAs Juswainsesw ay}
10 s1a18weled |eaisAyd o uoiouny B sB gOd U0 ssauybnol Jo sjoays auy) Jo uoljeulunslsp ayj uo podey

Sjusuodwon) suibuz U SMe|4 82BUNSINS SO JUBISSISSY
Aynqelisy 104 ABojopoyls v, ‘papus paysiand aq o} Lodas [euld

AP AIJX

‘sajdwes yHS pue Hg4 Buisn ABojopouiswu O uoneplien

syuauodwos suibug u| SMe|4 99eUNSANS 104 JUSLISSOSSY AlllIqRlaY
104 ABojopouie\ VY, ‘Pefiue paysiiand eqg o} podal eutd .5,

‘SonSLeloRIBLD MEY pUB YNS 0} Alliqelosiep Buijelal spoyjaw [eafshels parosdu]

X (X
T

XIXXX  [IAXXX

['weiboid Aq pepioye elep pue spuy snoiasid Buipnioul auijaseq se asn o) ejep Bunsixa jo Bojeled

"Yvd 0} papiwgns saded ayym

yoeoidde suius}sp 0} doysyiom god

NOILD313(Q 30 ALNgve0dd

8292 SV 3VS

suoneaoads uorjoadsul Jo||ig

FIAXXX FAXXX AXXX AIXXX XXX

‘Had ¥9/1
10 jeob e yum Aaisuas Hgd teojoeld jsaybiy ayj aasiyoe o) weisAs uonoadsul | N Jo uonelisuowaqg

¢ ¢ ‘

XXX XXX XXX XIXX

['uonenys uonoadsul Alojoey 03 Aljigesljdde Jo uonenjeas Uuo

vodey ¢ Anjgedes uonoalep 1ejep peacidwy 1o) seyoeordde Buisseooid [eubis pue abew) paziwido
JO Hoday 'z "ysel siy) Jepun padojarap swyobly ‘1] "uoioadsul 18jiq JIUOSEIN 10} SANDIUYDS)
Buissaooud jeubls sAleUIS}E PUB ‘YBS 4SS JO UofENjeAs pue ‘uoiejuswsa|dwi ‘Juswdoerag

HAXX

['s1sonpsuel) Aelie uo poday] JUsWUONAUS
uonanpoud e ul yoeoidde uopoadsul jewiido oy arempiey Aelre paseyd oluoses)n Jo uoiensuowsq

‘sojdiues [eolpuljAo pue se|dwes
ajeld Jejs uo uonezusoeleys Buipnoul sAojje [ Jo} Sisonpsues) (snooj paxyy) wnwdo Jo uoljessuowsqg

IAXX AXX AIXX 11

"s|apow asiou pue ‘sjapowl |eubis eydfe piey ‘ubisap Jeonpsuel} Buipnioul sjepow N

NOILO3dSN| NOILONAOHd

) xipuaddy ul papiacsd podas Arewwins paysigndun

"suoljens Buipnpaui ‘AeAins sinjelallj ayj jo spoday

Juniposuos wnuey | auibug syl 4o
SaIpn}g [ejUSLIEpUN Wnue)] jo Aiewwng, ‘pepirold poday jeuiq

[ S S S S S S S A A A

X IIAX IAX AX AIX IX X X

‘suoeInBiyues Buibioy pue 18}|iIg SNOLEA WO} /-1 PUE ¥
-Q1 10} UOHENUSE puUB ‘9sI0U JSEDSYHOR] ‘AJIO0JOA JIUOSBIN JO Sjuswainsesw Auadoid |ejusiuepuny

g xipuaddy ur papiroid podal Alewwns paysiigndupn

aoepns pauaad e ybnoiyy sxyoeln

ssao0.d eyd[e pIey 2118LJUAS JO UolEusWINI0Q

v xipuaddy o9g

"SJUSWISINSESW SSIPNIS [BIUSWEPUN 104 $3O0[( 8siou pue ‘eyd|e piey 2jayjuis ‘Hgd snouep

SIIANLS TVININYANNL

,Sedualajey

s}onpo.id tole




Aieunung spnpold | 8seud O.13 - INd 20') - 00/82/80 - ¢ @Bed

uonIpUOD
80BLNS J9[|Iq puk (Bulpueg 8SI0U) BINJONNSOIOIW 1O sjoaya ay) Buipnioul abels 19jiq ay) Je sjoajep

‘welbold eydje piey Jo AuGeIos]op sy} SSSSSE 0 "S3SSILU DlUOSEI)N [ejusjod 40 90USLIND00 Sy} SULISIP
11 seyd D15 o Hodel §gD Jeul Ul POZUBLULLNS 34 [IM SINSaY 0} JESY PSJEUIWIEIUOS BY] JO SuoILod 8313-UoiiesIpUl PUB SUOHEDIPU] S|geloaleIuou Jo uolienjead]
‘weiboid eydje piey jo seipadoid [eonwayo pue [eoisAyd ‘ofsnode

Il 8SBUd D13 40 Hoda1 SEO [eul Ul PIZUBLILINS &4 |IM SYNSaY .

ay} Jo Buipuelsiapun ue Buidoj@asp Aq eydie piey jo uofoalap ayl snoudwi o} afipsimous oiseq

‘weiboid
Il 8seyd 913 jo Hodal S90 leul Ul paZUBUWINS 34 1M S|NSaY

'saIpN}s 4Od Aq sjuswssasse
anljelUEND PUB SUOIJEDIPUI JO UOINSOASIp J0) S|qeNNS Sjewlo) ul synsal 1N 013 Aq juswdojarsp
Jepun sayoeoidde uonoadsul paUoz Sy} pue JBUCIUSAUOD YJOq 1o} Blep uonoadsul pjsy dluosel}in

AQNLS 13TIY AILYNINYINOD

. i B «

XX| IXX] XX|

‘subisep agoid msu o} uonesiidde Buipnoul subisep Juswald HF [EUOHUSAUOD 10} SOlsLS0BIBYD
pioy onsubewolinale sulwisiap o) senbiuyoe] Ajjiqedes y3g Buisn [apow pjaly ansubewonos|3

‘ B ‘

XIX| WAX] IAX] IAX]

‘saqoud 93 |oAou Joj elep Aunisuss pue ubisaQ

Suonesiddy |neyssrQ

auibug Jo} sjoo ] uondadsu| Jusung App3 sjgenod jo juswdojsasqg
:uonoedsu] soiaesuy, ‘papiua ‘'saunol Buisseooid jeubis

pue Jsuueds Jo sjiejep sapnjoul yoiym paysiignd aq o3 podal jeuiy

sobpa Jeau pue ‘sp|am
pue seale pajeb ur Auamsuss paaosdul Joj swiyuoble Buissaoold sbewyjeubls jo uoijegsuowsg

Suonjesyddy [neyssnQ

auibu3 104 sj00 | uonoadsuj Juaing App3 s|qeuod jo juswdoPasq
:uonoadsu| asiaiesyy, ‘pajiijus ‘sjoo} Buissanold abew jo uone.baju;
pue Jauueds Jo s|iejep sepnjoul Yoiym paysiignd aq o} uodal |eul4

Sva) walshg sishjeuy/uonisinboy
eleq uo uojjejusua|dil Joy ssuinol Buibew gz j0 uonelisuoWwap apnjoul 0} sasuodsal
109)9p TN 10 Uofoslep pue uonezudloeRYS aAcidwi 0} syoble Buissecoid sbew! Ag pue az

AX] AIX|

‘suonesidde 1961e) jenuaiod Jo uoneoyiuapl Buipniou; seqoid Aeuse Jo asn oy} Jo uoneblisanul

"sjuawaulal uojelauab 4,z pue 1s9) ‘Jojejol adAjojoid
€ JO uoneoauqge) Buipniout J0jos 8inssaid-mo| U} JO UOIIEJOI Pa||01jucd Spiaoid 0} 821ABp [eOIUBYOBIN

suonesyddy |neyiaaQ

auibug Joj sj00) uonoadsu) Juaing App3 ajgenod jo juswdojanaq
:uonoadsu| soialesu|, ‘pajus ‘uonisinbae ejep Jo uoieibajul

pUE JBUUEDS JO SjiE}op S8pN|oUl yoiym paysiignd aq o} Hodai [euld

Bunss) aysejeq pue wajsAs adAjojoid suo
10 Juswdojersp sepnou| "SJUSWINIISUI S|ge|leAR Aj[BIDJaWWOD PUB §|00]) uoloadsul Joyio Yum sejelbajul
yo1ym senbiuyoa) AN Jo Asuaidiye pue AJAISuss ayj anoidwi) o} wasAs sisAjeue pue uoisinboe eleq

suoneolddy

,S9ouaIaley

$)onpoud Joleiy




V¥ XIpuaddy — Alewwng sjonpold eseud D13 - Nd 20:1 - 00/82/80 - € abed

evlell4-10V.LL8

Buiuejuoo sjos ape|q ysiqg

(sbny ysip jo 9bpa) sayojou Jese| JeWwoxa aulyoew ‘suawnads Alswoab xajdwod 1] 2

'S)0|s G| Buluejuoo yoes

C#IL| N Z ‘1L 2 suswioads yojou
‘©Z# IN a3 pappe ‘patedwon "J8JUSD Ul S9j0Y Jask| sulydeul ‘suawioads 3o0jq wniuey) g
ZVLE Y paje|dwon “19]UB2 Ul S9|0Y JasE| BulydeW ‘suswioads o0|q wnulwnie g

"sayojou WAl
9 01 pajw| sjulelisuod Wl
L-10d7-agLr eale ‘pajeidwon | | x /L S 8duwies jo eale aAljoe ‘sayojou a3 yim wniue uo Buljeb jo suswioads gl
S WA ANARNCE pajejdwio)d Jeays ‘yydep 2@ HAH v# PUB C# ‘T# ‘L# UoBS 8 UM o0|q -9 1L |
Sg'l-glelesd pajs|dwo) Jeays ‘yydep , L@ HAH v# PUE €# 'T# ‘L # UYORS 8 UIMO0|q -9 1L |
16'z-¢elclesd pajajdwo) ‘leulpnyibuo] ‘yidap 20 HAd v# Pue ¢# ‘Z# 'L# Uoes 8 UM 3O0Iq -9 1L |
1s'L-€lzLesd paja|dwoD Teuipnybuo ‘yidep | @ HEH v# PUB €4 ‘T# 'L# UOBS 8 UM ¥00|q -9 1L |
€% Z- '1-¥6€£090 pajo|dwio) Buibioy sy} Jo sauoz Jussayip woy (,EX,EX,E) $300jq BuiBioy ysip -9 1L €
¢ % L-¥602S0 pajs|dwo) uonoss QO woy (,£X,£X,E) %90[d 19]IIq Jeewelp L L} 1L T
£-¥602S0 paja|dwod uonoas Jsjuad woy (,eX,EX,€) %00id 12(IIq Jejewerp L L1 1L |
€-% L-¥65220 pajaidwod uondss O woly (,£X,£X,E) $300(q J9]liq Je}8welp .56 7911 ¢
¥- % 2766220 paje|dwo) uonoss Jajuad wol (,£X,£X,£) S300|q J91IIq JS}eweIp ,5'6 ¥-911 T
ON % gN 'YN90LOV6 pajsjdwo) S|aA8| 9siou [enjoe Jo aAlejussaidal (,9X,9X,9) s3o0lq Buiblo} -911 €
‘leuipnubuoy ‘yidap .z pue , | 18 uoneluasuod usboliu %6°G JO suoIsnjoul
N6'G-L120¥6S pajejdwo) eyd|e piey [edupuljAo JO 9ZIS HE A G# PUB ‘V# 'C# 'T# Uoes 8 UIM 300[d -9 1L |
. ‘leuipnybuoy ‘yidep .z pue , | 1e uoneljuasuod usbouu 9,9z 40 suoisnjaul
N9'¢-8CL0¥6S pajs|dwo) eydije piey [eOLpUIIAD JO 92ZIS HEH G# PUB 'b# ‘C# 'T# Uoed 8 UNIM 300[q -9 1L |
._mc_b_.;_m:o_ .r:am—u .C Pue | je uonieluaduod Cwmo.:_c %9°L
NO'L-6110¥6S peje|dwod Jo suoisnpoul eydje piey [eoupul|Ad jo 8zis Ha G# PUe 'vi# 't ‘Z# UOBDd g UIM ¥00[q -9 1L L
"UCIJBUILBJUOD
VIN pajs|dwon ou Buipnoul ‘uonejuasuoo yoes je spess, eyde piey paziigels usboiyu jo seidwes
SUON palsjdwon suawioads jo||q eyswelp ./ /L 1L 2

al sidwesg CTTETT{Ti o) s9jdwes

‘wesBoud | aseyd 513 9y} Aq psjelsush sajdwes jo 3s17 vy xipuaddy




v xipusddy — Alewwng sjonpo.d eseyd 913 - Wd 20:1 - 00/82/80 - ¥ 9bed

WG’ PUB 87 0T W) G0 4O SYidap ane

V18.2¥S6 # ¥edH pajejdwo) | |ejew ® HA4 L# yoes G Buluieluod jejjiq Jejewelp ,0°L -9 11 J0 $300|d PIoYd, G Jo 18S |
SG'2-8050564 pajeidwo) Jeays ‘yidep .z © HEd v# Pue €# ‘T# ‘L# Yoee 8 Uimoo|q L1 1L |
SS'1-8050564 pajs|dwo) Jeays ‘yydep | © HA4 v# Pue €# ‘C# 'L# Yoes 8 UIM 00| L1 11 L
15'2-8050564 paje|dwo) ‘feutpnpbuol ‘yidep, z © HAd v# PUB € ‘C# 'L# UoeS g UIM 0| L)L 1L |
15°1-8050564 pajejdwo) ‘leuipnyibuoj ‘yidap 1L @ HAH p# PUe C# ‘Z# ‘L# UOES 8 UNM NO0Iq /L 11 |

"SjuielSuoD

LONEDLIge) 0) aNp 8|qISes)
10U sasayds 2z1s shouep
‘suoisnioul eydie pley
|eouayds azis 21buis yum

‘yidep ,Z pue , | 1e Uonesuasuod usboliu %0 g jo

VIN %2019 yum padejdas way| | suoisnjoul eydie piey [eouayds Jo 82Is HE 4 G# PUB b# ‘C# ‘T# UOED 8 YIM N20|q -9 11 |
"SJUIBMISUOD
uolneslige) 0} anp a|qISes)
10U SaJayds 9zIS SNOLBA
‘suolsnjoul eydje pley
|eoliayds azis ajbuls yum ‘ydap ,zZ pue | Je uoienuasuod uaboyiu %0'¢ JO
V/N %20|q ynm-pededes way | suoisnioul eydie piey [eoliayds JO 8ZIS HEH G# PUB 17 ‘C# '2# UOES 8 UM 400|q -9 1L |
"SJUIBIISUOD
uoneoiIge) 0) anp 3|qISes)
J0U salayds 9zis snolep
‘suoisnjoul eydie pley
|eouayds azis ajbuls yum ‘ypdep .z pue ,| 1e uonesjuasuod uaboiiu %G’ Jo
V/N %00iq yum paoejdas way| | suoisnjour eydie piey [ealsyds Jo 8IS HE 4 G# PUe p# ‘S ‘Z# UoeD 8 YIM00|q -9 11 |
paledwon "¥oo|q ulelb psbiejus p-9 11
-Jeays ‘yidep ,Z pue , | 1e uoieuaou0d usboilu 90 9 10 suoIsh|oul
NC'G-€1G0V6VS paje|dwo) eydje psey [eoupuljAo Jo 821 HEH G# PUB p# ‘S# ‘2# U0es g UIM X20|d -9 IL |
‘Jesys ‘Yidep ,Z pue , | 1B UoneiuaouoD usbouju %0 ¢ Jo suoIsnjoul
N8'C-€1G0V6VS peje|dwo) eyd|e piey [eoupullAo Jo 8ZIS HYH G# PUe b# ‘C# 'Z# UOBD 8 UIMO0Iq -9 1L |
Jeays ‘Yidep ,z pue , | 18 uoneljuasuod usbosiu 9,6 | Jo suolsnjoul
NG L-€LGOY6VS paje|dwo) eyd|e piey [eoupullA JO 821 HE 4 G# PUE ## ‘C# 'Z# Uoes g UIM 300|d -9 IL |
ssydjou INA3 81
ai s|dweg SJUBWIIOY sojdweg




v xipueddy — Arewwing sjonpold 8seyd D13 - Nd 20:} - 00/82/80 - G abed

VIN

0] 8Np paJsAlep Jou Sway|

suoisnjoul eydje piey [eolayds JO 8ZIS HEL G# PUB p# ‘S# 'Z# UOES 8 UIM 300|q L} 1L |

“Jeays ‘yidep ,z pue ,| 1e uonenuasuod uaboiju %0°g Jo

NZ'G-LLE0S6VS parejdwo) | suoisnjoul eydie pley [BoLpuUIlAD JO 8ZIS HEH S# PUB i ‘C# 'C# UOed g UM Oo[q L 1L L

‘Jesys _r_uamv .¢ PUe 1 ]e uoijenusiuod cmmo‘:_c %0°¢ JO

N8Z-L0ZL¥6VS pajsidwoy | suoisnjoul eydie piey [eoupullAd JO 8ZIS HYH G# PUB # ‘C# 'Z# U0ed 8 UNMO0oIq L 1L L

‘Jeays ‘yidep ,z pue , | 1e uonesuaduo9 usbonu %G| 4o

NG L-LZE0S6VS pajeidwo) | suoisnjout eydie piey [eoLpullAo 4O 821S HYH G# PUe t# ‘C# 'Z# UOBa g UIMMO0IG L 1L |

‘leuipnyubBuol ‘ypdep ,z pue | 1e uonesuasuos uaboiiu 9,0°9 Jo

NZ ' 6-02£056S pare|dwo) | suoisnjoul eydie piey (BoLpUIlAD JO 8ZIS HEH G# PUB p# ‘C# 'Z# UOBS 8 UNMO0Iq L 1L |

‘leurpnyiBuo] ‘yidep ,z pue | 1e uonenuasuod usboijiu %0°¢ Jo

N8Z-20ZL¥6S pojeldwo) | suoisnjoul eydie piey [eoupuljAd JO 821 HEH G# PUe p# 'C# 'Z# Uoes g UIMo0Iq L} 1] |

‘TeuipmiBuo] ‘yidep .z pue , | 1e Uonenuasuoo uaboliu %G| J0

NS 1-91£066S paje|dwoy | suoisnioul eydie piey [esupuljAo jo 8z1S Hg 4 G# PUB v# ‘S ‘Z# Yoea g UIM>Oo[q L)L 1L |

‘lewsou wody payi} sealbap of 1B yorewsiw asuepadun 9,6l A@jewixoidde

paje|dwo) 10 10848p (plosdij|e) 30143 ,91L0°0 Ag JsjeWelp ,ZE00 B YIM *, LX, X7 MOoo[d -9 11 |

‘JewJou wolj pa)i sealbap ¢ 1e yojewsiw aouepadun 9,6 Aj@jewixoidde

pajeidwod | Jo 1os4ep (plosdi|9) X211 ,91.0°0 Ag Jsjewelp ,ZE0'0 B Yim ‘Jejewelp ,Z2 1o | Jeq -9 11 |

-9 ¢-'e-'1-401 pala|dwion ‘aoeuNs pausad ybnouy) sjosiep soeunsgns Wodj 407 Jo} suswidads G

pare|dwio) ‘uonoas 4o wol (,£X,£X,£) %00|q 19|1iq Jeyswelp /2 /L 1L L ul Hg4 9 IIta

paje|dwod "uoposs Ao woly (,£X,£X,£) %00jq Je||iq Jejewelp .56 v-9 11 | Ul Ha4 9 fiia

peje|dwo) "uoijoes JoIusd woll (,£X,£X,£) %00[9 19| Jejewelp .66 ¥-9 1L | Ul HE4 9 14

pajs|dwion ‘ysej} /m g3 ‘suswioads pjam 1] Ul SBYIJ0U Jose| JoWOXS 0Z

W02 PuUe 6966 6F .G€GT S L .G 040 syldep [anel) [ejaw

© Hg4 2# yoes g Buiuejuod 19||iq Jejewelp ,0'cl -9 11 JO $00|q ,pIoyd, 840 18S |

0’/ PUB 696G .S¥ .G€ ST WS L WG 00 syidep [eael) [ejew

29v0££96 # 1eaH pajejdwo)d ®© Hg4 z# yoes G Buluiejuoo Je|jiq Jejewelp ,0°¢L L} 1L JO SH00I] pJoYD, 8 4O J8S |

"WG'G PUB ,S6'F .GV G0 WGL'E G2 LSEL "G 0 JO syidep [aAel) [elaw

Ly¥G6 # YesH pajajduio) © Ha4 L# yoes ¢ Buluieluood ja|iiq Jsjewelp ,0°0L 2L 11 40 SX20|q ,pJoyd, 8 J018s |

W$€pUB .8 0T W2l S0 JO syidap janel)

ZYZLy8.EL6 # 1esH pajoidwo) | jelew ® HE4 L# yoes g Buiuiejuos jo||iq Jeyswelp 0L L1 11 JO $400|q PIoYd, GO 1es |
aj oidweg sjuswIwon sopdwueg




¥ xipuaddy - Alewuwing sjonpold 8seyd D13 - Wd Z0:) - 00/9Z/80 - 9 ®bed

‘aoeyins Aujus uoipoadsul 8y 0} aAlje|al 1084ap 8y} Jo ojbue ay}
puUE JUs1U00 UsBoU I0J03)I2) JO DZIS ‘SUOISUBLLIP 83y} U} UIYIM UOEJ0| ale Wopuel

aay ‘paje|dwo) 80 |IIM Jey) se|qeleA Y1 'syoejep eydie piey diayjuAs Wopues YIm %00(q -9 11 |
SjuIBJISUOD uoiedqE) ‘leuipnuBuol ‘yidsp .z pue ,| 1e uonesusouod usbouu %09 Jo
V/N| ©01enp paieniep jou sway|| suoisnjoul eyde pley |eousyds Jo 8z1s Hed G# PUe v ‘€# ‘g# Uoee 8 UM 320(q L 11 |
SJUIBJISUOD UOIEDLIqER) ‘reurpnuBuol ‘'yidep ,z pue .. 1e uonenuasuod usboliu %0°¢ Jo
V/N| ©)enp pasanjep jou sway | suoisnjoul eydje piey [eoliayds Jo 9zIs HOd G# PUB v# ‘C# ‘'T# UOES 8 UM N00|q L} IL |

SJUIBJISUOCO UCHEDLIq.)

‘leurpnyiBuol ‘yidep ,Z pue , L 1e uonesuasuod usboiju %G| Jo

ai ejduieg

SjUsIOy)

sgjdwieg




Crack Propagation Through Peened Surface:
Effects on Detectability
Prepared by Bill Leach, GEAE, Cincinnati, Ohio

A subtask of the ETC Phase I Fundamental Studies intended to investigate the effects of the detectability of a crack
propagating through a peened surface. The plan was to use a subsurface hard alpha as the crack initiation site to
more nearly simulate what may happen with a true melt related defect in a rotating disk. Unfortunately the
specimen preparation resulted in unexplained failure of the HIP joint rather than cracking at the hard alpha. New
specimens were not fabricated due to timing and funding issues as well as questionable understanding of what in the
preparation led to separation at the weld surface.

Background:

Surface cracks have typically been fabricated by machining a notch into the surface of a specimen. The specimen is
then cycled until a crack is initiated from the notch. After the crack is of sufficient size the surface is machined to
remove the notch. If intended, the specimen surface is then peened. The specimen is further cyclically loaded to
grow the crack to the desired size. This is the process typically used in the fabrication of samples for surface crack
POD studies, such as for FPI or eddy current. This process is useful in measuring changes in the strength of an eddy
current signal and the background noise that occurs with peening. However, there are a number of unanswered
questions, which the subtask would assist in resolving. The questions include:

1. Does a compressive layer below the peened surface force a change in the aspect ratio of a subsurface
initiated crack?

2. What is the ultrasonic and eddy current detectability of the cracks below the compressive layer?

3.  What is the detectability with ultrasonics, eddy current and fluorescent penetrant inspection when the
crack has propagated to the surface? For example, does the compressive layer pinch the crack to
hamper FPI?

Ability to place known synthetic hard alpha defects in titanium offered the potential to position a subsurface
initiation site at various depths below the surface.

Specimen Fabrication:

Figure 1 shows the design of the blocks. Six defects were included in each specimen. 0.25 inch diameter holes
were drilled on 0.5 inch centers in the center section of the block which became the gage section of the fatigue
specimen. The holes were drilled 0.5 inch deep into the 0.75 inch thick block. The Ti 6-4 material was machined
oversized to allow for machining for the axial fatigue test, see Figure 2, with the defects at desired depths.

Synthetic hard alpha defects were machined from “ingots™ of 2.8% N into approximate right cylinders 0.05 inch
diameter x 0.05 inch length. Plugs of Ti 6-4 were machined to fill the 0.25 inch holes in the block and had a flat
bottom hole in one end to accept a hard alpha seed. This approach was chosen to most easily place the hard alpha
well into the block. Rather than attempt to drill a 0.05 inch diameter hole any great depth, the plug provided a
convenient method. After fabrication of the first block, a detail was changed. The plugs were chosen from areas of
the forging that would provide nearly the same structure size and orientation as the surrounding material. This was
necessary to reduce the ultrasonic noise from a drastically different or misaligned structure at the HIP interface.

The plugs with the hard alpha were positioned in the large holes and tack welded. The blocks were then HIP
processed to bond the hard alpha to the block and to the plug as well as have the plug bond to the block. The blocks
were in turn machined to the fatigue specimen geometry. The distance of the hard alpha defects from the surface
that was not machined was measured ultrasonically to provide the dimensions for machining the defects at the
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proper depth for the test. The first block was machined such that the hard alpha would be at the surface. The
second block was machined to place the hard alpha at approximately 0.008 to 0.011 inch below the surface, i.e. just
below the compressive layer of the peened surface. After the first block was machined to the fatigue specimen
shape it was peened. Inspections with FPI, EC and UT showed signals from the exposed hard alpha seed.

Experiment:

The first specimen was loaded at 75 ksi and viewed visually at frequent increments with the expectation that the
hard alpha seeds would serve as the stress riser and fracture very quickly. There was no indication of any change
until 2108 cycles when one of the plugs separated. This was confirmed with eddy current and FPI. Fortunately the
failed plug was at the one end of the string of six inserts. A decision was made to change to a four point bending
across the three defects at the opposite end of the row of 6 defects. The four point bending load was applied at 75
ksi for 37,000 cycles until cracking was detected around portions of the plugs of the first and third hole and small
cracking from the hard alpha into the titanium. These cracks were verified with eddy current and with FPI.

Evaluation:

The destructive evaluation of the first block revealed a few interesting points. First, as mentioned earlier, the
ultrasonic inspection of the block to interrogate the HIP joint showed a reflection from the bottom of the plug. The
sectioning of the specimen showed that the grain structure had different orientation between the plug and the
surrounding titanium. That different structure could easily explain the low-level reflections at the base of the plug
after HIP. The solution was to make sure the other blocks had plugs prepared from material very close to the
location where the blocks were cut.

The section through the separated plug joints did not lead to any obvious cause. There was no evidence of
contamination on the joint surfaces. No conclusion was drawn as to the cause of the separation.

A third observation was important. The hard alpha seeds were severely cracked in all directions, apparently the
result of the peening process. This explained the porosity around all six seeds as revealed by FPI of the specimen
after peening. This was also thought to possibly explain why the hard alpha seeds did not react as expected when
the stress was applied to the specimen. The fractured hard alpha seed reacted much like a hole, i.e. a stress relief
rather than stress riser.

This led to the decision to machine the second block such that the hard alpha seeds were just below the peened
compressive layer, approximately 0.008 to 0.011 inches. Placing the hard alpha seeds below the surface would
protect them from fracturing and preserve the stress riser aspect, however, near a compressive force.

The fatigue specimen was cycled and again failed at the plug interface to the specimen. The destructive evaluations
confirmed the separation at the plug interface. There was cracking in the hard alpha in the proper direction relative
to the stress and several of these cracks in the seeds had begun to propagate into the surrounding titanium of the
plug. The extent of the cracks was limited to approximately 0.003”. The hardness of the titanium in the specimen
and in the plugs was evaluated with Knoop Hardness and shown to have no significant difference.

Conclusion:

The subtask objectives of determining the effects on NDE detectability caused by crack propagation through a
peened surface were not met. Failure of the HIP bond joint between the plug and the surrounding titanium
prevented the full stress levels from being applied to the seeds. In addition, the peening of exposed hard alpha seeds

fractured the seeds so extensively that they did not serve as risers to the applied stress.

The results and the unused blocks were shared with the TRMD Project funded by the FAA at the Southwest
Research Institute.
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1. ABSTRACT
In support of the Federal Aviation Administration's (FAA) Engine Titanium Consortium (ETC), this paper
discusses the origin and characteristics of titanium melt related defects, provides a brief synopsis of
experiments conducted to date relating to the evaluation and/or control of melt related defects, the potential
nondestructive evaluation (NDE) methods for detecting such defects, and contains literature search
references pertaining to these subjects. The report is divided into three sections:
Section 1 of this report contains discussions of Type I defects, high-density inclusions, Type II defects, ingot
porosity, and alloy segregation with their definitions, causes and characteristics. Brief synopses of several published
experiments relating to sources of nitride inclusions, defect removal, nitride seed development, effect of defects on
fatigue properties, and alpha segregation are also included. Forging or conversion related defects are not included
in this report.
Section 2 addresses surface and volumetric NDE methods appropriate for detecting and characterizing
titanium melt related defects. Image and signal analysis techniques for these methods are identified and
discussed as well as various means of measuring NDE methods probability of detection (POD).
Section 3 comments on the utility of the literature review and recommendations for future work.
The references cited in this report are contained in the literature database created as a part of the ETC. The
numbers refer to the record number in the database that uses the PROCITE bibliographic software.
2. ACKNOWLEDGMENT
This material is based upon work performed as a part of the Engine Titanium Consortium operated by lowa
State University for the FAA New England Engine and Propeller Directorate and the FAA Technical
Center under Grant Number 94-G-0438.
3. INTRODUCTION
As a part of the Fundamental Studies in Titanium Task of the ETC, a literature review was undertaken. The
literature review had the following purposes:
e Provide the latest information about the formation of various defect types
Detail any known preventative measures for these types of defects
Provide information the effect of microstructure and macrostructure of the parent material on detectability
Catalog data on the material properties
Provide background information on NDE methods developed by other researchers appropriate to titanium
inspection
The intent is to provide data for the formulation of approaches to the various defect detection problems in various
material forms. The available literature was reviewed from the NERAC and NOTICE databases. Additional
information was also gathered from other available sources such as the following: non-proprietary information
solicited from members of the ETC, various domestic producers of titanium, and the Jet Engine Titanium Quality
Committee; QNDE proceedings; and other open literature journals.
The synopses provided below are only a sampling and should not be interpreted as being complete, nor inclusive of
all key work. The literature database includes other citations of interest for specific issues. These citations may be
identified by searching on the desired keywords such as: defects, HDI, inclusions, fatigue life, etc.
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4, INGOT DEFECTS, DEFINITION, ORIGINS and CHARACTERISTICS

4.1 TYPE I DEFECTS [1,2,3,4,5]

Type I defects are also known as high interstitial defects (HID), interstitial rich inclusions or low density inclusions
(LDI). They are recognized as alpha rich particles interstitially stabilized with nitrogen, oxygen or carbon, or some
combinations of these. Their metal alloy content may range from very nearly all titanium to nominal alloy content
of the host heat or even of a different alloy.

The embryo form of these defects have a much higher melting point than titanium or Ti alloys and must be
consumed by dissolution into the melt. Depending on the relative size and densities of Type I defects, large heavy
defects may survive multiple vacuum arc remelt (VAR) processing and smaller lighter defects may survive cold
hearth melting (CHM). The defects are substantially harder than the surrounding matrix and may impair fatigue
resistance and ductility. The defects are difficult to detect unless associated with voids from mechanical working.
The term LDI arose from this void association, however, the alpha-rich phase itself is not of "low density". Of
course, creation of a defect during melting as described below will negate some, or all, of the dissolution
opportunities offered by melting.

4.2 Sources of Type 1 defects:

42.1 Burned sponge, reactor vessel burning [2, 5]:

Type I defects, originating from this source are attributed to the entry of air into the reaction vessel or vacuum
distillation chamber during sponge production. If in a confined volume, air reacts with the titanium sponge, which
consumes oxygen (O, first, and then the nitrogen (N,,. Nitrogen rich defects resist dissolution in the liquid
titanium.

Visual Appearance: Regions of high nitrogen content titanium, when removed from the reactor vessel appear much
like the titanium metal, only much more friable. It seldom is golden in color as the near stoichiometric TiN
intermetallic would be and therefore not visually separable.

Metallurgical Characteristics: the metallic alloy content will be considerably less than that of the host alloy and the
hardness will be significantly higher. Voids may be associated with the larger variety of these defects.

Location in Ingot: Large defects are heavier than the liquid and will tend to concentrate in the bottom 1/3 of the
ingot. Smaller (if not dissolved) defects, may be more uniformly distributed. Defects in this family reflect an out-
of-control process and may appear in all heats incorporating the culprit sponge lot, and have a size distribution only
slightly different than that of the sponge, reduced slightly in size by melting dissolution.

4.2.2  Burned sponge, other [5]:

Type I defects are attributed to burned sponge caused by the following:

e  Fires or flashing which may occur during extraction of sponge from the reactor or vacuum distillation
chamber

¢  Downstream processes, such as crushing the chip to sponge

e Drying, in the case of leached sponge

* Sponge may experience combustion during blending and compacting of the electrode

Visual Appearance: In most cases the burned sponge is discolored and visually separable. The refractory particle is
brittle and easily crushed. As these causes will affect entire lots of sponge production, a visual examination of
selected samples of each lot is often used as a quality control process and finding of HID embryos will disqualify
the entire lot from rotor grade applications. However this inspection is ineffective in screening out down stream
defect sources from events, such as combustion during the blending operation.

4.23  Burned bulk scrap [5]

* Torch cutting. Type I defects may be attributed to torch cutting in preparation of bulk scrap for
fabrication. Part of the process detail involves combustion of titanium and in the tight confines of the
cutting zone, nitrogen combustion is possible. Furthermore, residual organic material may contribute
to carbon stabilization in this region.

e Infoliated ends of mill scrap may contain high O, or N, levels and should be avoided as they are not
easily cleaned.

Metallurgical characteristics: The defect will have normal metallic alloy content of the scrap source. It is unlikely
to have cracks or voids unless associated with conversion or forging operations. It may be quite large with an
irregular shape.

424  Burned chips and turnings [5]:

Burned chips and turnings may be another source of HID formers. If burned in a restricted volume, they may
become highly contaminated with nitrogen (or carbon in the case of machining chips burned during the machining
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operation itself), therefore they are refractory. The shape and size of chip (high surface to volume ratio) leads to

rapid dissolution during melting and are unlikely to be serious HID sources in multiple melted ingot, e.g., double or
triple VAR, fabricated from elecirodes contaminated by them.

4.2.5 Inadequate shielding of welds during electrode fabrication [2,5]:

Type I defects may be attributed to inadequate shielding of welds during electrode fabrication which can result in
nitrogen rich weld metal. Defects may be attributed to the use of metal-inert gas (MIG) welding, if the welding
process is not shielded well enough to exclude contamination. Welding of sponge electrodes with plasma torches
produces a wide gradient of metallic content as the host being welded contains sponge particles, pure metallic
additions, and master alloy particles. The use of chamber welding and specially shieided weld enclosures is
necessary to assure absence of contaminated welds.

Visual Appearance: They are sometimes discolored with the characteristic gold color of TiN. Visual inspection of
the welds after the electrode is fabricated often will reveal indications of poor shielding although this is not fool
proof as over welding contaminated welds will destroy the visual evidence.

Metallurgical Characteristics: HIDs from this source may contain metallic alloying elements in the range from
unalloyed titanium to that of the host alloy. It will be harder than the host alloy because of the interstitial content.
Any cracking associated with the HID will come from deformation processing at either billet or forging stages.
However, this type of defect may survive the melting and conversion processes without developing cracks.
Location in Ingot: This type of HID will be heavier than the liquid titanium and tend to sink to the bottom of the
liquid pool. In multiple melting operations, each melt ingot will concentrate the HIDs in the bottom 1/3 of its
length. Each melt will reduce the HID size depending on the pool depth, the alloy melting temperature, and the
practice for electrode inversion between melts. It is a good practice to disallow welding in preparation of the final
melt electrode because any HID embryo will have only one chance to dissolve.

4.2.6 VAR furnace leaks [2, 4, 5]:

Type I defects attributed to air leaks are most common in sliding seals (the ram feed through in most VAR furnace
designs). This rarely occurs. Such condition is evidenced by a pressure increase in the furnace, unless a rapid
increase in leak rate is also experienced. This may be dampened by high pumping capacity.

Visual Appearance: The defect will be rather large and appear as a hole in the remaining wafer after hot top which
may appear much like a torch cut surface.

Metallurgical Characteristics: The defect will be harder than the matrix and have the metallic composition of the
host ingot with a higher alpha content in alpha-beta alloys. The defect is unlikely to have cracks or voids except
those associated with deformation processing. They will be large.

Location in Ingot: The defect will be localized near the top of the ingot produced when the leak occurred but may
survive subsequent melting and wind up in the next ingot at a position depending on the electrode inversion practice
used.

4.2.7  Ineffective Housekeeping [5]:

Type I defects are often attributed to splatter and other melt condenses within the furnace enclosure (furnace head
and ancillary devices and chambers) which are finely divided and which oxidize (nitride) when such hot particies
are exposed to air - this is generally associated with opening the furnace and exposing the virgin alloy splatter to the
atmosphere. Subsequent melting may see these particles fall in the molten pool and survive by rapidly sinking to
the bottom or sides - most common when the pool is shallow such as at the arc strike or in the hot top operation.
This sort of defect may occur in VAR as well as CHM operations.

Metallurgical Characteristics: The origin of the source may have come from another heat of material, therefore the
metallic composition could be anything. In this case the HID will be harder than the matrix, and due to the
possibility of inter-alloy mixing, there may be a very different microstructure. The defect is unlikely to have voids
or cracks associated except when worked. They are likely to be regularly shaped but not exclusively. They are
likely to be smaller than the first 6 HIDs described above.

Location in Ingot: The defects tend to be concentrated near the top or the bottom of the final melt because of the
shallow pool existing in these locations. For the deeper pool situations in steady state melting, their survival is
problematic and limited to the regions near the ingot surface. With some alloys the final melt is performed entirely
with a shallow pool to avoid melt segregation and, in this case, these defects may occur anywhere in the ingot. The
defect is not likely to be as refractory as the other HID's and is not likely to survive multiple melting.

4.3 HIGH DENSITY INCLUSIONS [2,3,5]

High-density inclusions include refractory metals (W, Mo, Ta, and Nb) or refractory metal carbides. The main
source of these defects is scrap. Carbide and tungsten particles have often been traced to machine turnings cut with
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carbide tools and non-consumable welding electrodes, respectively. Refractory metals have higher melting points
and densities than titanium and tend to sink to the skull at the bottom of the molien pool.
Another source of high-density inclusions is ineffective housekeeping associated with equipment repair, such as
TIG welding. Without proper house cleaning, inadvertent inclusion of a Thoriated Tungsten welding electrode
scrap may result.
Master alloy additions of refractory metals, such as Molybdenum, are formulated to reduce the melting point so that
they will completely dissolve or melt, but there is history of these sorts of particles surviving. Recent, known,
events have been attributed to use of coarse master alloy particles in formulating the ingot. The key to avoiding such
occurrences is to make sure that the alloy additions are small enough particle size to assure dissolution in multiply
melted material.
44 TYPE II DEFECTS [2,3,5]
Type II defects are also known as soft alpha segregates. These defects are found in alloys containing aluminum.
Type II defects are often called High Aluminum Defects (HAD) because of the significantly higher than normal
aluminum content they exhibit. Another name often used to describe this sort of defect is “chicken tracks” which
reflects their appearance in billet slices.
Cause: Type II alpha defects are associated with ingot pipe and void formation. As shrinkage pipe forms in a hot
titanium alloy ingot, aluminum (or any other relatively volatile alloying element at the high temperature involved)
evaporates rapidly from the hottest surfaces of the void, filling it with metallic vapor which condenses on cooler
surfaces of the void as the ingot cools. As a result, the interior surface of the void will be coated with aluminum
and/or other volatile elements, and just below the surface, the microstructure will be slightly depleted in these
elements. Subsequent forging of the ingot or intermediate mill product, in the production of billet and bar, will
cause the voids to close, but the temperature and time combination is insufficient to result in serious
homogenization.
Visual Appearance: Areas enriched or depleted with aluminum outline portions of the original void/pipe surface
and appear as Type II segregation. The result of forging the voids closed is a rather irregularly shaped zone of
aluminum rich alloy (the name of chicken tracks is descriptive here) often with an alpha lean zone immediately
adjacent. They appear as light and dark etching zones, respectively, in the macrostructure of product.
Metallurgical Characteristics: The aluminum content of the defect is usually somewhat higher than that of the
matrix and the vanadium content may be lower in Ti Al-V alloys. However, it is not uncommon to find an
associated area which is slightly lower in aluminum content and higher in vanadium that the matrix. The defectis a
form of localized alpha segregation but, unlike a Type I defects, is quite ductile with a hardness usually not much
greater than that of the matrix. The segregates tend to be relatively long, thin and very irregular, and small defects
do not seem to have a pronounced effect on mechanical properties of annealed alloys.
Detection: When these defects are anodized, some develop a characteristic blue color. However, areas depleted in
aluminum tend to etch lighter on anodizing. These areas and have been incorrectly referred to as beta segregation.
They present only a small difference in elastic properties so UT inspection is not likely to detect small Type II
defects.
Prevention: Good hot topping practices that minimize the area removed during billet cropping for
macroexamination. A good billet slice inspection and cropping practice will virtually eliminate these defects
associated with healed pipe. However, it is possible to create them with aggressive billet conversion practice and
these are difficult to detect. The best practice is to avoid their creation by process control in the mill.
4.5 INGOT POROSITY
There are two primary types of ingot porosity: gas porosity and shrinkage porosity.
Gas porosity in VAR ingots has been found to be associated with residual chioride salts in the sponge. Salts have
essentially no solubility in the solid metal but form vapor bubbles in the liquid phase which have been found to
account for the following defects:
Unhealed pipe in billet

e Blisters observed in Ti-8Mn sheet

e  Weld porosity
‘ e Porosity in blended elemental powder metallurgy products
Gas porosity in Plasma Arc Melted (PAM) ingots is usually associated with entrapped inert gas used in the melting
operations. Subsequent VAR ought to remove these, and PAM + VAR ingot, produced normally, will be free of gas

porosity.
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Shrinkage porosity can be found throughout the ingot and in the pipe section. Porosity in the pipe section results
from metal shrinkage and is also associated with creation of Type II defects. They can be largely avoided by good
hot topping practices. High melt rates have been found to produce more ingot porosity than slow rates (better melt
degassing occurs at the slow rates and the shallower pools experience less shrinkage on freezing).

Shrinkage porosity is unlikely to survive ingot conversion practices and should not be confused with strain induced
porosity created during the conversion process itself. The latter often results in “clean” porosity and is often seen
during UT inspection of the billet when sophisticated means, like multi-zone inspection, are applied.

4.6 ALLOY SEGREGATION [2,5,6]

Alloy segregation can be influenced by several factors including, primarily, the alloying elements added and their
amounts; solidification conditions, including temperature gradients; power interruptions or other perturbations of
steady state conditions; hot topping procedure; and the homogeneity of the starting material.

Segregation is most conveniently discussed in terms of the general categories of macrosegregation and
microsegregation.

Macrosegregation is generally characterized by alloying element composition differences measurable over a long
range such as top to bottom, or center to outside of the ingot, or its primary converted products, such as billet. The
causes for this can be lumped generally into three categories:

e inhomogeneity of starting material or electrode so that the composition of the last to melt dominates
the composition of the top of the VAR ingot

e Effects of directional solidification, given homogeneous electrodes, in which the melting point
suppressers will concentrate in the liquid and be richest in the last to solidify, which means that the top
of the VAR ingot and the centerline will likely be rich in these elements. The opposite is true of
melting point raisers.

e  Vaporization and re-condensation, on crucible walls, of high vapor pressure elements, such as
aluminum. As the ingot lengthens when more electrode is consumed, these elements will be entrapped
in the ingot surface creating an aluminum rich zone at the ingot surface. During conversion, these are
lost due to intermediate conditioning, but remelted electrodes are then inhomogeneous as the greatest
amount of condensate is seen towards the end of the melt (top of the crucible) as there had been much
more time for the vaporization/condensation cycle to occur. These are often avoided by proper
electrode formulation compensation or electrode inversion practices and, in the last case, splash ring
avoidance or remelt procedures.

Microsegregation, as distinguished from inclusions with refractory characteristics, usually results from liquid/solid
partitioning during solidification much as for the macrosegregation. Its manifestation will be localized in areas
where concentrations of partitioned melting point suppressers in the liquid, at the liquid-solid interface, is subjected
to accelerated solidification, such as a rapid reduction in heat input. Also, where the solidification conditions favor
the formation of a dendritic liquid/solid interface there is a micro partitioning of liquid formers. The interdendritic
zones, being the last to solidify, will entrap extraordinarily high amounts of melting point suppressers that are
mostly beta forming elements. The manifestation of this is a local area with its beta transus temperature much lower
than its immediate surroundings. Near transus heat treatments will expose these areas as very lean or absent of
primary alpha after a subtransus thermal exposure and are called beta flecks. The controls which can minimize the
occurrence of such segregation include the avoidance of power interruptions or abrupt negative changes in power
level, the maintenance of high thermal gradients in the liquid at the solid/liquid interface, and the adherence to the
Tiller model for the conditions that favor the formation of planar interfaces which include, besides the establishing
of high temperature gradients in the liquid, low interface velocity, and effectively removing the build up of solute in
the liquid at the interface.

There are some other liquid phase formers which segregate but do not form beta flecks because subsequent solid
state transformations result in discrete precipitates. The most common amongst these is silicon, which can, if large
amounts are in the alloy and the proper solidification conditions are not present, result in bands of higher than
normal concentration of discrete silicide precipitates. There is considerable controversy regarding the impact these
bands have on properties, but there is no disagreement that there is no harm in avoiding them and this is the safe
thing to do.

The beta flecks, in an alpha-beta heat treated microstructure, can reduce the fatigue properties due to microstructural
discontinuities which produce elastic property discontinuities as was found in low cycle fatigue testing of Ti-5Al-
28n-27Zr-4Cr-4Mo (Ti-17) alloy.

Page 14 - 08/28/00 - 1:02 PM - ETC Phase | Products Summary — Appendix C



4.7 SYNOPSES OF EXPERIMENTAL WORK

This section contains synopses of several articles which were associated with or related to defect removal, sources
of nitride inclusions, nitride seed development, and the effect of defects on fatigue properties.

4.7.1  Nitride Inclusions In Titanium Ingots: A Study Of Possible Sources In The Production Of Magnesium-
Reduced Sponge (1973) (Ref. A1)

Purpose: The objective of this experiment was to demonstrate how impurities may be introduced into titanium
sponge during manufacture by the magnesium reduction process and to determine under what conditions they
contribute to the formation of defect-forming impurity clusters that persist through the ingot melting cycle.
Conclusions: When contaminated by an air leak during the distillation cycle or when made from air contaminated
magnesium, a large variation in nitrogen content was found in the magnesium-reduced titanium sponge. TiN and
Ti,N were found in the highest-nitrogen regions. The observed nitrides were not in the form of hard, high-density
particles. However, the friable pieces, powder pockets or loose powder may be compressed during electrode
pressing and subsequently sintered, during melting, from the heat of the arc to produce higher-density particles.
These higher density particles can survive arc melting.

Color and texture are not reliable criteria for spotting these sort of defects during sponge inspection. During both
the reduction cycle and the distillation cycle, air-burned and nitrided sponge may change its color and texture. The
sponge particles act as nuclei for sponge growth and may be found partially or completely clad by newly formed
sponge.

It is not clear that HIDs with these physical characteristics have been unambiguously identified in any multiple
melted VAR heat but the possibility for their existence still exists [5].

472  Alpha Segregation In Titanium Alloys (1980) (ref. A23)

Purpose: An experiment was conducted by creating an artificial "pipe" to show that Type II (alpha segregation)
defects form in pipe cavities and is a result of non-uniform evaporation and redeposition of relatively volatile
alloying elements such as aluminum.

Experiment/Conclusions: An ultrasonically sound Ti-6Al-4V square billet was heated to 1700°F and the corners
were severely pressed in such a way as to deliberately create center bursts which would be detectable by UT
inspection. After the billet was forged, cooled and conditioned, the piece was reheated to 2050°F for six hours and
forged. Ultrasonic inspection showed no defects and slices cut from areas previously showing sonic indications
showed the characteristics of Type II alpha segregation.

4.7.3  Removal Of Defects From Titanium Alloys With Electron Beam Cold Hearth Refining (1985) (ref. A2)
Purpose: An experiment was conducted to evaluate the EBCHM process for removal of defect particles from liquid
titanium to prevent inclusion formation in ingots.

Experiment/Conclusions: Various materials including carbide tool chips, nitrided sponge, and flame-cut titanium
scrap were used as seed in sub-scale EBCHR experiments.

All of the tungsten carbide tool bit seeds were located in the hearth skull using x-ray inspection after melting of a
tungsten carbide tool bit seeded electrode which was fabricated from Ti-6A1-4V scrap. The hearth skull was then
remelted several times to show the dissolution rate of HDI's to be roughly 20 microns/sec.

The flame cut scrap was drip melted and cast into ingots twice. The ingot produced contained Type I defects and
was used as melt stock for EBCHM. The material was melted twice in the hearth untii cast into an ingot. One
defect was detected in the ingot and was attributed to a large transient in the process in which a piece of the
electrode fell into the front end of the hearth at the same time that a high voltage arc extinguished the electron
beams. The large flow of metal washed over the piece of electrode in the hearth and carried the defect over the lip
into the ingot mold.

To understand the behavior of HID's, an experiment was run by seeding Ti-6A1-4V bars with cutting slag and
nitrided sponge. Though HID's are sometimes believed to be less dense than the liquid surrounding them, their
density is actually greater than the liquid and they sink. The analysis is still in progress, however, the seeds that
were located were all beneath the surface of the liquid down to the solid-liquid interface. It was shown that HID's
settle rapidly to the solid-liquid interface and then process to dissolve at a rate determined by the temperature at that
interface.

474  Development Of Seeds For Reproducible LDI’s In Titanium Melting Tests (1986) (ref. A20)

Purpose: The paper discussed the manufacture and evaluation of artificial HID formers (seeds).
Experiment/Conclusions: Sponge particles were nitrided in a furnace containing flowing nitrogen at partial pressure
less than one atmosphere to produce a uniform gold color with an of average 12 to 15% nitrogen. The particles
were crushed and 200 of the particles were dispersed uniformly throughout the sponge compacts and triple VAR
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melted. UT inspection to a #2 FBH detected 9 HID's. Although larger, the defects exhibited a similar
microstructural appearance, nitrogen content, and microhardness value to that of a natural HID.

While these seeds do help with experiments designed to understand the survivability of nitrogen stabilized sponge in
the VAR process, they are clearly not realistic in that they are purely sponge source, have been crushed to irregular
shapes, and probably do not contain the internal porosity generally associated with actual burned sponge. Asa
result, their apparent density will be higher than actual defects and the lack of internal porosity reduces their
detectability. Also the nitrogen content is higher, therefore their refractory nature will be more severe than any of
the actual burned sponge. Any conclusions drawn by use of such nitrided and crushed sponge will clearly indicate
survivability in VAR processes much greater than expected for realistic defects but fails to address the near neutral
density particle that has a greater chance of surviving a cold hearth melt by virtue of their not sinking to the skull.
(5]

4.7.5  Electron Beam Melted In-Spec Titanium Remelt Electrodes (1986) (ref. A4)

Purpose: This paper discussed a recycle system to incorporate both alloy and oxygen correction during the Electron
Beam (EB) melt instead of during the first Vacuum Arc Remitting (VAR) melt. Electrodes whose chemistries have
been fully correct during the EB melt are called "in-spec" electrodes and require only one consumable VAR meit to
meet specification requirements. EB melting, commonly called EBCHM (Electron Beam Cold Hearth Melting) is
used as a method for consolidating titanium machine turnings into electrodes suitable for consumable VAR. The
residence time of the large water-cooled copper hearth used in EB melting effectively removes high-density
contaminants, such as carbide tool bits and refractory metals. The water cooled copper hearth of the EBCHM
process affords the molten titanium additional exposure to the effects of furnace vacuum electron beam superheat
and this additional residence time may help reduce or eliminate Type I defects. In a US Bureau of Mines study [ref.
A15] entitled, "Type 1 defects: their causes and methods of elimination," skull melting was identified as a melting
process capable of dissolving Type I defects.

Conclusions: The first attempts at EB melting an aggregate blend of machine turnings, sponge, 85-15 Al-V master
alloy, and aluminum were less than completely successful. When the initial "in-spec” electrodes were EBCH
melted, using a series of conventional master alloy particles crushed to various sizes including the standard size
range, master alloy segregation occurred. To solve this segregation problem, a master alloy lot, in which the
geometry of the individual particles more closely matched the geometry of the machine turning scrap, was used. By
blending components selected for both size and geometrical consistency, segregation during feeding was eliminated.
This indicates that to get homogeneous ingots, the master alloy cannot all sink into the skull at the early stages of
melting. Increasing the surface to volume ratio of the master alloy particles, as was done, accomplishes this
objective[5].

4.7.6  Melting Of Nitride Seeded Ti 6-4 Alloy Ingots (1988) (ref. A15)

Purpose: Purpose of the paper is to evaluate the capability of the ISM (Induction Slag Melting) and CVAR
(Consumable Electrode Vacuum Arc Melting) processes as a method of dissolving hard alpha defects introduced by
contaminated input materials. Two parallel experiments were performed. One experiment used titanium sponge
manufactured in a small-scale laboratory facility while the other used commercially available sponge. Non-
contaminated control ingots and contaminated ingots were made from each set of sponge material using both
melting processes.

Conclusions: Alpha formers were somewhat more readily dissolved during the ISM process than during the CVAR
process. This was believed to be a result of a somewhat longer residence time in the molten state and the induction
stirring furnaces which may serve to buoy up nitride particles and increase their residence time in the melt as
compared to the CVAR process. During CVAR melting high nitrogen areas in the consumable electrode appear to
sinter to high density either in the electrode behind the arc or during melting and passage through the arc. The
particles fragment during passage through the arc or in the molten pool to result in more, but smaller, defects, which
are believed to be more difficult to dissolve in the molten pool due to their high sintered densities.

The ISM process will also generate a bit more superheat and a few degrees of temperature is very effective in
dissolving refractory particles. Temperature is much more important than time, as the time for dissolution is related
to the square root of time, while it is related to an exponential with temperature [5]. The statement regarding the
concurrent sintering and fragmentation of nitrided particles during passage through the arc in a VAR process is a bit
puzzling and not totally consistent with observations of nitrided sponge related HIDs [5].

Smaller seeds that have a higher surface to volume ratio also dissolve more rapidly. It is not clear that the nitrogen
content, and therefore melting temperature, will be affected by any of the processes described. Therefore,
fragmentation will be nothing but helpful no matter what went on before [5].
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Neither induction slag or even the more scaleable induction skull process, which is based on the former, is currently
scaleable to production size heats [5].

4.7.7  Utilization Of Electron Beam Melting In The Production Of Defect Free Ti-6Al-4V Ingots (1988) (ref.
A3)

Purpose: The purpose of this experiment was to produce a defect-free, "in-spec EB/VAR" titanium alloy ingot.
Experiment/Conclusions: Prior to producing a "in-spec EB/VAR" ingot three experiments were conducted to
evaluate the removal of dense particles during EB melting, removal of Type | defects during EB melting, and
composition control of EB cast product.

During the first experiment, dense particles (tungsten to carbide tool bits) were successfully removed (excluding
nitrides) from the ingot through entrapment in the hearth. The second experiment involved contaminating the input
materials with infoliated billet-end crops, which have extensive oxyacetylene flame cut residual metallic drool,
characteristic of surface titanium nitrides. Sonic inspection of the EB cast product to a #3 FBH defect confirmed
sonic indications in only one of the three ingots that were cast. It was believed that continued efforts were required
on furnace design and melt control software to provide adequate residence time and/or temperatures to guarantee
Type I defect dissolution. In the third experiment, compositional control of the EB cast product, was accomplished
by controlling the mixing and blending practice through the use of computer models.

A production quantity "in-spec” first stage EBCHM electrode was completed in 1985. No Type I or HDI defects
were detected through sonic testing to a #2 FBH defect. The input material consisted of a large portion of scrap.
The compositional variations for aluminum, vanadium and oxygen were within the range expected for a single melt
process. Oxygen variability, however, was higher and attributed to a greater tendency for freezing segregation due
to the sampling technique and appreciable variability in oxygen analytical techniques.

478  Standardizing Defects For Titanium Seeding Experiments (1990) (ref. A21)

Purpose: The purpose of this paper is to discuss a process which was developed to generate sponge particles with
predictable nitrogen levels between zero and 15% and to establish a seeding procedure.

Experiment/results: Sponge particles were nitrided at various temperatures (1400°F-2300°F) for five minutes in a
95Ar-5N, atmosphere. The particles were subsequently crushed which allowed the weight and nitrogen content of
both the brittle surface material and the more ductile core to be determined. The higher the temperature, the greater
the nitrogen content of the particle. It was found that the bulk nitrogen content of the ductile core decreased to zero
as the upper nitriding temperature (2300°F) was reached.

Many experiments have used seeding densities varying from one defect in 20 pounds to one defect in 5 pounds.
Recent trials have used the higher density to affect a more stringent test. To avoid agglomeration possibilities, the
following HID seed mix was recommended:

Particle Size Amount

0.25 inch diameter Ti-15N seeds one per five pounds

0.25 inch diameter Ti-2N seeds one per five pounds

0.25 inch diameter Ti-8N seeds - one per five pounds

0.12 - 0.25 inch diameter production, burned sponge one particle per fifty pounds
particles,

2 inch by down torch cut sheet stock (Ti-6-2-4-2 or Ti 6- one particle per 250 pounds
2-4-6) representing flame cut cobbles or Feed stock A

The following HDI seed mix was also recommended in the interest of establishing a common standard for all
seeding efforts:

Particle Size Amount
3/8" /+ 1/4" mesh 37%
1/4" /+ 8" mesh 25%

8" /+ 14" mesh 15%
14" /420" mesh 10%
20" /+ 40" mesh 8%

40" /+ 60" mesh 5%

one whole WC tool bit at midpoint of melt, 0.04" diameter | one particle per 125 pounds
Mo wire, 1/4" to 1/2" long

one piece of angular Mo 1/4" diameter one particle per 250 pounds
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one piece of angular Ta 1/4" diameter one particle per 250 pounds

one piece of 0.03" diameter W wire, (1/4" to 1/2" long) one particle per 250 pounds

one piece of angular W 1/4" diameter one particle per 250 pounds

4.79  Test Melting OF TiN and WC Seeded Ti-6-4 and Resulting Ingot Structures - A Progress Report- (1991)
(ref. A22)

Purpose: The purpose of this experiment is to evaluate the advantages of EBCHR for improved cleanliness of Ti-6-
4 in comparison with conventionally process VAR materials and to examine the capability of EBCHR for the
production of in-specification chemistry of the Ti-6-4 alloy.

Experiment/Conclusions: Test melts of TiN and WC seeded and un-seeded Ti-6-4 were produced by EBCHR, by
double VAR, and by the combination of EBCHR and VAR. The EBCHR test melts produced two unseeded and
one seeded ingot, in which the seeded and one unseeded ingot were further VAR processed to produce two EBCHR-
VAR ingots. One seeded ingot was produced by double VAR. The unseeded EBCHR, un-seeded EBCHR-VAR,
seeded EBCHR-VAR, and seeded double VAR ingots were forged into bar. Defects were detected by x-ray in only
the double VAR bars. Microscopic skull analysis of the seeded ingot melted by EBCHR showed both WC and TiN
particles in the liquid-solid interface.

4.7.10 The Role Of Melt Related Defects In Fatigue Failures Of Ti-6A1-4V (ref. A17)

Purpose: The purpose of the study was to quantify the reduction of fatigue life caused by high interstitial defects
(HID) and high density inclusions in titanium nitride and tungsten carbide seeded double vacuum-arc remelted
titanium alloy Ti 6Al-4V.

Experiment: Two lots of material, one triple VAR and one seeded double VAR, were tested. The seeded melt
contained compacts of master alloy, elemental aluminum, elemental vanadium, 5% recycled Ti 6-4 scrap, 1.8%
nitrided titanium sponge (about 40 each 3 to 6 mm sized seeds/kg), and 0.079% tungsten carbide tool bit inserts
(about 0.02 seeds/kg). The 16-inch diameter seeded ingot was beta forged to 8-inch diameter, and the top 1/8th of
the ingot was alpha/beta forged to 3-inch diameter according to conventional practices. The 3-inch unseeded triple
vacuum melted material was solution heat treated and overaged.

Conclusions: Fatigue testing of the seeded and unseeded materials showed that both high interstitial defects and
high density inclusions defects can reduce fatigue life by an order of magnitude.
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UT Software:

SNCALC1: A Fortran software package which allows the user to make rapid, first-order
estimates of root-mean-square grain noise levels, flaw signal amplitudes, and signal-to-noise
(S/N) ratios for normal-incidence, pulse/echo immersion inspections of flat or curved metal
specimens. For flaw signal amplitude and S/N calculations, the defect may be either a flat
circular crack (i.e., flat-bottomed hole) or a spherical inclusion. This code can be used to
compare inspections which use different transducers, and to determine which transducer is
likely to produce the largest S/N ratio, and hence to optimize the inspection. The code is
accompanied by a 33 page user manual, "User Notes for SNCALC1: Software for Rapid
Estimates of RMS noise levels and Signal-to-Noise Ratios"; Report number ISU/ETC-2.
(Margetan)

UTSIMQ: Allows calculation of UT waveforms for small flaws using the Gaussian-Hermite
beam model: also included are a variety of utility programs for computing system efficiency
factors, doing FFT's, etc. (Gray)

FMODEL: Similar to the "utsimq" executable, except this version is greatly optimized for speed
(more than an order of magnitude), but lacks some of the flexibility of "utsimq", especially
regarding flaw orientation. (Gray)

MF: Software for estimating the geometrical focal length of a broad-band, spherically focused
ultrasonic transducer. (Gray)
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1.0 SCOPE
This specification establishes the performance, design, development and test
requirements for the Portable Eddy Current Instrument (PECI). The instrument shall
have the ability to be interfaced with the Data Acquisition System, Portable Eddy
Current Scanner and Shop Eddy Current Scanner* as indicated in Figure 1 and
described in Section 2.0 (BACKGROUND).

2.0 BACKGROUND

The development of this specification was proposed by the Engine Titanium
Consortium (ETC), a Federal Aviation Administration (FAA) sponsored program
chartered to provide improved inspection capability for titanium material to be used
in the manufacture of commercial jet engine components. The participants in the
consortium are lowa State University, AlliedSignal, General Electric and Pratt &
Whitney. The four major tasks of the ETC program are Fundamental Studies,
Probability of Detection, Ultrasonics and Eddy Current In-Service Inspection. There
are nine subtasks under the Eddy Current In-Service Inspection task, one of which is
the subject of this specification development.
The Portable Eddy Current Instrument subtask involves:
e review of the state of the art of commercial eddy current instrumentation
e review of advanced ‘lab’ capabilities
e development of this specification
e demonstration of 'some' of the advanced capabilities in an instrument developed
with this specification
The technical requirements for the PECI were defined in conjunction with the other
subtasks in the Eddy Current In-Service Inspection task, particularly with regards to
communication and interfacing. The products of the Eddy Current In-Service
Inspection task are typically referred to as ‘tools’ since they are available as a stand
alone unit or can be integrated, as needed to meet the requirements of the inspection
application. The tools which will directly interface to the PECI are the Data
Acquisition System (DAS), Portable Eddy Current Scanner (PECS) and Shop Eddy
Current Scanner* (SECS). Note that under the FAA program the Shop Eddy Current
Scanner subtask will involve the development of a specification and no hardware
will be produced. The DAS will communicate to the PECI through a high-speed
digital interface for instrument parameter control and acquisition and processing of
eddy current (EC) data. Both the PECS and SECS will provide for the manipulation
of EC probes and will serve as an interface for the EC signals to the PECL.
This specification was developed because no single commercially available eddy
current instrument is able to provide all of the eddy current inspection capabilities
needed to apply recognition and processing techniques. This includes multi-
frequency drive, multi-channel, array probe compatibility, remote display and high-
speed digital data interface for real-time data post-processing. The purpose of this
specification is to define the EC instrumentation needs of the aircraft engine
industry.
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3.0 DESIGN CONCEPT

Conceptually, the PECI is envisioned to resemble a ruggedly packaged version of a
laptop computer and docking station with state of the art EC circuitry and high
performance data acquisition, processing and display capabilities. The multi-channel
eddy current interface would be used to drive multiple discrete EC elements and
provide synchronization to an array probe multiplexer. The probe drive would be a
constant current source with independently controllable frequency and amplitude for
each EC channel. The EC channel would have a bridge and reflection element
configuration capability. An interface for a remote heads-up or head-mounted
display would be available with NTSC or VGA capability.

4.0 REQUIREMENTS
The requirements defined in section 4. pertain to an EC system capable supporting
multiple independent EC channels. All standard element configurations will be
supported which include absolute and differential/bridge and induction (reflection)
types. A single EC channel is defined as having a drive output and two receive
inputs. '

4.1 DRIVE
The drive system shall be capable of supporting multiple independent EC channels.

4.1.1 Drive Characteristics
The probe drive shall be a variable sinusoidal current source with a maximum
amplitude of 0.5 amps (peak) and adjustable in steps of 1%. For bridge type probes,
software selectable internal 100 ohm resistances shall be provided for bridge drive
purposes.

4.1.2 Frequency
The probe drive shall have a sine and square wave capability and operate over a
frequency range of 100 Hz to 20 MHz. Three (3) simultaneous, selectable,
independent frequencies shall be available per EC channel. A swept frequency
capability shall be provided over a user selectable frequency range and sweep rate.
The sweep range shall be up to two (2) decades over the whole operating frequency
range and the rate shall be variable and dependent on the range selected. The control
and communication circuitry shall be provided for a 8X multiplexer to permit array
probe operation (section 4.1.4).

4.1.3 Multiple Probe/Element
Eight (8) EC channels shall be provided for multiple probe or multiple element
capability. The ability to synchronize the drive signals to effectively provide a
common drive which is useful for array probe operation is needed. For the common
drive case, drive control shall not be independent but shall provide the other drive
capabilities as described in section 4.1.1 and 4.1.2.

4.1.4 Array Probe
The capability of supporting an array probe with up to 64 elements (64 EC channels)
shall be provided. Array probes with more than eight (8) elements (requiring greater
than 8 EC channels) shall be accommodated through the multiplexer interface. The
maximum number of elements per group is eight (8) corresponding to the eight (8)
EC channels. A separate multiplexing unit shall be provided for interfacing the array
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probe to the PECI through the probe interface (section 4.5.1) and multiplexer
interface(section 4.5.11) as illustrated in Figure 3.

4.2 DETECTION
The detection system shall be capable of supporting multiple independent EC

‘ channels.

4.2.1 Gain
Overall gain shall be adjustable over a range of -20 dB to 100 dB independently for
each EC channel. Pre-amplification (prior to demodulation) shall be adjustable over
a range from -20 dB to 20 dB. Post-amplification (post demodulation) shall be
adjustable from 0 to 80 dB. Both gain adjustments shall be in steps of 0.1 dB.

4.2.2 Demodulated Signal Bandwidth
The per channel EC signal bandwidth after detection shall be at least 3 kHz (-3 dB)
for linear scanning and 10 kHz (-3 dB) for rotary scanning (bolthole scanning).

4.2.3 Probe Balance
Software selectable internal balance elements for absolute element balancing shall be
provided with the values of 50 and 125 ohms and open circuit for external balance.

4.2.4 Sensitivity
The input sensitivity shall be a minimum of 1 kV per ohm at maximum gain setting.

4.2.5 Saturation Detection
A front-end circuitry saturation condition shall be detected and presented as both a
visual indicator (to the user) and through software as a status flag.

4.2.6 Noise level
The noise level shall be held to less than half of the quantization error introduced in
the digitization circuitry, which shall be approximately 0.1 mV peak.

4.2.7 Drift
Drift (output) shall be limited to 0.005 volts per hour with post-gain set at maximum
(80 dB).

4.3 PROCESSING
Processing refers to the digitization and manipulation of the demodulated EC signal.
Manipulation refers to the processing of digital EC data.

4.3.1 Digitization
The data sample size shall be at least 14 bits per component (in-phase and
quadrature) per EC channel. The sampling rate shall be variable, externally
triggerable and user selectable based on a counter with a minimum 24 bit resolution
and referenced to the probe drive frequency.

4.3.2 Filtering '

- Filtering shall be implemented through both software and hardware providing a
greater measure of flexibility and control of the filter characteristics. Low pass and
high pass filter characteristics shall be provided for each component of all EC
channels. Selectable filter types shall include Butterworth, Bessel and linear Phase.
Filter time, frequency and delay responses shall be presented graphically for selected
filter parameters. The slope of the filter cutoff characteristic shall be selectable from
1st through 6th order. A filter range shall be specified depending on the desired
filter characteristics. Filter ranges of 50 Hz, 100 Hz, 200 Hz, 500 Hz, 1 kHz, 2 kHz,
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5 kHz, 10 kHz (limited only by the sample rate) with a resolution of 1% for each
range shall be provided. Note that all of the filter ranges may would not be required
for linear scanning (section 4.2.2).

4.3.3 Frequency Domain
A post processing capability to perform a Fourier transform (DFT/FFT) shall be
provided. This includes standard pre-processing features such as windowing,
padding (time and frequency domain) and selectable buffer size.

4.3.4 Phase
The phase adjustment shall be from 0 to 359.9 degrees in 0.1 degree increments.

4.4 DISPLAY
The display shall have grey scale and color capability for image presentations as well
as traditional views such as impedance plane and horizontal/vertical versus time.

The gating for inspections should provide combined amplitude and phase windows
with alarms .

4.4.1 Presentation
Real-time display shall include standard amplitude versus time and impedance plane
as well as the "waterfall” (pseudo-surface) and image type. The display capability
shall be a minimum of four (4) simultaneous views ( i.e., 4 impedance plane or 2
impedance plane and 2 amplitude /time ) of the standard display types. A single
image view can be used for a real-time array probe display. 256 colors shall be
provided for display of image data. The EC signal display source can be selected
from the real, imaginary, magnitude or phase component. An amplitude versus
frequency display can be performed in a post inspection mode. Mixing two
components from separate EC channels shall be provided. The screen sensitivity
shall be independently adjustable for each display and for each axis. Standard EC
instrument functions such as null and erase shall be provided.

4.4.2 Alarms :
Three amplitude/phase box/pie shaped gates with alarms shall be provided for each
display. Combination and logical thresholding shall be provided.

4.4.3 Print Capability
A print capability shall allow a screen dump to a dot matrix printer and a post script
printer. Also a screen dump can be sent to a file in one of several standard image file
formats like TIFF, BMP, GIF as well as color postscript format.

4.4.4 Remote Display
An optional remote display capability shall be provided for a heads-mounted style
display (see section 4.5.6). Expected cost for the head-mounted display device is
less than $1K.

4.5 INTERFACE
The instrument shall have a front panel interface for a single probe connection with
the capability to drive all probe types (as described previously) and a manual user
interface. Several rear panel interfaces shall provide remote instrument control and
set-up capabilities, EC probe and array probe connections, remote display capability
and a scanner interface.

Page 25 - 08/28/00 - 1:02 PM - ETC Phase | Products Summary — Appendix E



4.5.1 Probe Connection
A single EC channel shall be accessible from the front panel. All eight (8) EC
channels shall be accessible on the rear panel through a high-density connector
including the array probe multiplexer control signals. Power (+/- 15 volts DC @ 1.5
amps) for array probe support or a probe buffering capability shall be provided
through the high-density connector.

4.5.2 Probe Adapters :
Adapters shall be provided to permit the use of probes produced by various EC
instrument manufacturers such as Forster, Hocking, Rohmann, Staveley, Uniwest
and Zetec. The adapters shall provide an integral fit to the instrument case to support
the load.

4.5.3 Remote Programmability
An RS232 industry standard serial interface shall be provided for remote setup and
control of all instrument parameters. Full read and write capability shall be provided
using ASCII command language structure.

4.5.4 Analog Output
Analog outputs (+/-10 volt range) shall be provided for all (8) EC channels for
conventional strip chart recording or input to an alternate digitizing system. Alarms
shall be generated through the analog outputs with software control of the alarm
enable and threshold for each EC channel.

4.5.5 Rotating Probe
Support for speed control of a rotating scanner shall be provided with a variable DC
power source (0 to +12 volts @ 2 amps). The speed control shall be accomplished
through a tachometer input and supporting control circuitry under software control.

- A reference pulse input for display sweep synchronization shall be provided.

4.5.6 External Display
A VGA output shall be provided for connection to an external color VGA monitor or
remote display. An NTSC compatible output shall be provided for remote display.
The NTSC interface may not be required since head-mounted display devices are
becoming available with VGA interfaces. At present, NTSC is the predominate
interface.

4.5.7 Digital Parallel ( interface to DAS )
DRV11J compatible

16 bit input ( instrument set-up )
16 bit output ( 14 bit EC data, 1 reference, 1 spare ) / ( instrument set-up query )

4.5.8 Printer
An enhanced communication port (ECP) shall be provided as the printer interface.

4.5.9 User Input
A full keyboard interface shall be provided for the primary instrument parameter
setup for functions such as null, erase, gain, frequency, etc. A smart knob shall be
provided as an input device for functions, which have input options such as
frequency.

4.5.10 Data Storage/Transfer
Long-term data and instrument setup storage/transfer capability shall be provided.
This shall permit data and instrument setups to be saved and transferred from a
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remote site without returning the instrument. This capability could be provided
through the PCMCIA and SCSI interfaces

4.5.11 Multiplexer
The multiplexer interface shall provide three (3) TTL compatible lines for addressing
up to eight (8) groups of elements with external trigger.

4.6 GENERAL

4.6.1 Power ( power supply is not integral to unit )
Power shall be provided from an AC source or an internal battery. When operating
from an AC source, a remote power converter shall provided the DC voltage to run
the instrument while bypassing/recharging the battery. The power converter shall
operate from 110 to 250 VAC @ 50 to 400 Hz. A lightweight battery with a 2-hour
continuous operating capability shall be available as well as a longer life battery for
6 hours continuous operation.

4.6.2 Weight
Total instrument weight shall be less than 15 pounds including the short life battery (section
4.6.1).

5.0 POINT OF CONTACT
David Raulerson
Pratt & Whitney
P. O. Box 109600
West Palm Beach
FL 33410-9600
M/S 707-20
(407) 796-7683
(407) 796-7454 fax
E-mail: rauldavi@pwfl.com
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BEM-Based EC Inspection Simulation Software:

A BEM-based code to allow users to perform eddy current (EC) inspection simulations has
been developed by ISU as part of the novel probe design subtask of the Inservice inspection
effort. Briefly, two versions of the code, one with the field computation capability and the other
with some crack modeling capability. Initially, the software task objective was to develop a
code for the computer-assisted EC probe design and performance simulation. Specifically, the
initial goal was to implement the field calculation capability, namely the ability to compute
interrogating EC distributions on the surface of arbitrary geometry parts, induced by an EC
probe of arbitrary geometry and construction. The technical approach chosen was to formulate
EC processes in terms of surface integral equations and to solve them by the boundary element
method (BEM). To achieve a maximum flexibility in arbitrary part and probe geometry handling
capabilities, the BEM code was interfaced to a commercial CAD package (PATRAN).

The unique feature of our approach is to use the Hertz scalar and vector potentials as
fundamental field variables. This method simplifies the calculations in air and ferrite core
regions significantly because the Hertz vector potential vanishes identically. Although the
description is less simple in conductors, the Hertz potential approach is still desirable because it
describes fields correctly in the vicinity of geometrical singularities of parts, such as edges and
corners. During the course of the program, the scope of the code capability was expanded to
include crack signal modeling. Several factors contributed to this extended development: One
is the lengthened duration of the ETC Phase | Program. Second, the supplementary funding at
ISU from NIST and NSF I/U Programs was available for leverage in the crack modeling module
development. Third, Chao’s crack modeling effort, which he started while at ISU and continued
at PW, started to yield crack signal predictions. The ISU version of the full BEM code, including
crack modeling and differential-reflection probe capabilities, has been completed after the
Phase-l Program ended, under the funding from NIST and NSF I/U Programs. Transfer to ETC
partners will occur as applicable as part of the CNDE I/U program. (Nakagawa)
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